1. Introduction {#sec1-pathogens-09-00561}
===============

Parasitic infections cause a tremendous burden of disease in both the tropics and subtropics as well as in more temperate climates. There are three main groups of parasites that can cause disease in humans: protozoa, helminths and ectoparasites \[[@B1-pathogens-09-00561],[@B2-pathogens-09-00561]\]. Parasitism is one of the most common disease entities threatening non-human primates (NHPs). Numerous protozoan and metazoan genera have been described, can infect different great apes and monkeys \[[@B3-pathogens-09-00561]\]. Some are nonpathogenic---or at least their detrimental effects on the host are not yet elucidated. However, a large number can lead to physiologic disorders, nutritional loss or produce lesions that result in severe damages, sometimes allowing sondary infections that may be fatal. Infection can be promoted by immunosuppression and various stressors \[[@B4-pathogens-09-00561]\].

Using the primate--parasite network, the role of different NHPs was evaluated for the probability of sharing infectious diseases with humans. Apes, as well as monkeys, such as baboons and macaques were shown to be infected with many parasites identified as emerging infectious diseases in humans \[[@B5-pathogens-09-00561]\]. Other studies have shown that parasites are frequently transmitted from wild or captive NHPs to humans in a shared habitat \[[@B6-pathogens-09-00561],[@B7-pathogens-09-00561],[@B8-pathogens-09-00561],[@B9-pathogens-09-00561]\]. The protozoan *Giardia lamblia*, an enteric flagellate, induces diarrhea in monkeys and children \[[@B10-pathogens-09-00561]\]. *Entamoeba histolytica* has been described mainly in Old World NHPs including some apes (gibbons, orangutans and chimpanzees) as a cause of severe enteric disease \[[@B11-pathogens-09-00561]\]. It can infect humans as well, leading to dysentery. Cutaneous leishmaniasis agents were identified in NHPs, *Leishmania major* in wild gorillas \[[@B12-pathogens-09-00561]\] and *L. infantum* (visceral leishmaniasis) in New World NHPs \[[@B13-pathogens-09-00561]\]. Old World NHPs, such as chimpanzees and mangabeys can carry either *Schistosoma mansoni* or *S. hematobium* \[[@B14-pathogens-09-00561]\]. Parasites from the genus *Plasmodium* are among the best-studied parasites in African humans and NHPs, as they are responsible for malaria, the deadliest vector-borne disease \[[@B15-pathogens-09-00561]\]. The origin of the human malaria parasite *Plasmodium* was attributed to African apes. *Laverania* spp., found in various apes, belong to lineages in eastern chimpanzees as well as western lowland gorillas. They are nearly identical to *P. falciparum* and *P. vivax* \[[@B16-pathogens-09-00561],[@B17-pathogens-09-00561]\]. Of note, *P. cynomolgi, P. siminovale* and *P. inui* are related to *P. vivax, P. ovale* and *P. malariae* in humans, respectively. Cross infection of *P. knowlesi* has also been documented in humans and NHPs \[[@B18-pathogens-09-00561],[@B19-pathogens-09-00561],[@B20-pathogens-09-00561],[@B21-pathogens-09-00561]\]. Several other parasites that can be found in NHPs, such as *Babesia, Cryptosporidium*, *Amoeba, Toxoplasma, Trypanosoma*, Coccidia, nematodes and cestodes, possibly constitute a risk for humans \[[@B4-pathogens-09-00561],[@B22-pathogens-09-00561],[@B23-pathogens-09-00561]\].

For millennia, indigenous groups that depended on wildlife for their survival were exposed to the risk of NHP pathogens' transmission. Inter species transmission of pathogens can occur through direct and indirect mechanisms. Direct mechanisms include hunting, fomites and wild meat consumption, keeping infected NHPs as pets or by eco-guardians, visitors or personal of primate center laboratories entering in direct contact with infected NHPs. Indirect mechanisms transmission of infectious pathogen stages through vectors such as blood sucking ticks, flies, fleas, sandflies, lice and tsetse flies transmitted pathogens such as *Trypanosoma* spp., *Bertiella* sp. tapeworm \[[@B3-pathogens-09-00561],[@B24-pathogens-09-00561]\]. We still do not understand the dynamics of parasite interchange in detail but the increasing contact among species, may result in new ways of parasite interchange. By the way, in Uganda a study on how human impact the use of the ground and patterns of parasitism of *Pan troglodytes* suggest that the creation of trails and the increase of presence of humans in the forest results in increase in the frequency of use of the ground and higher parasite richness and intensity of infections \[[@B25-pathogens-09-00561]\]. The same results were found comparing groups of long-tailed macaques (*Macaca fascicularis*) living close to human modified environments and within the forests in Thailand \[[@B26-pathogens-09-00561]\]. No parasites present in humans were found in the macaques, but the macaques living in habitats modified by humans presented parasites (*Strongyloides fuelleborni* and probably *Haplorchis* sp.) that were not present in more isolated macaque groups. These last results are of importance, as the presence of humans and human related activities may modify the parasite community of non-human primates resulting in still unknown effects over their survival \[[@B27-pathogens-09-00561]\]. In this regard, Conly and Johnston (2008) suggest that this uncontrolled exposure of macaques to humans may have the potential for novel cross-species transmission of different parasites \[[@B28-pathogens-09-00561]\].

Finally, the high burden of zoonotic diseases continues to undermine the efforts and investments made for social and economic development. Therefore, developing strategies to ameliorate human and animal health through capacity building is pivotal for socioeconomic transformation and ranks top in developing country's development agenda. Most zoonotic disease remains largely neglected in Africa and specially in sub Saharan Africa, probably because of distances existing between veterinary and medical professions. This lack of cooperation has in most cases left the burden of surveillance and control almost solely in the hands of veterinarian. Therefore, there is an urgent need for change of the status quo by adopting a holistic approach in controlling infectious diseases shared between humans and animals. As response to this need, in this study, we performed a survey of parasites (protozoa and helminths) using a fast typing technique by PCR in feces (noninvasive sampling method) of African NHPs. In an one health context and using the same approach, we examined a human population from the Republic of Congo living in the vicinity to gorillas in order to assess potential zoonotic transmission.

2. Results {#sec2-pathogens-09-00561}
==========

In this study, the parasitic infection rate (i.e., presence of at least one parasitic infection) was 36.5% (62/170) in all NHPs. At least one infection was detected in 79.6% (39/49) of chimpanzees, 43.6% (17/39) of gorillas, 7.7% (1/13) of baboons and 7.2% (5/69) of macaques. Great apes were found to be more infested (63.6%) than monkeys (7.3%) (Z test, *p*-value \< 0.0001) ([Figure 1](#pathogens-09-00561-f001){ref-type="fig"}). In the Republic of Congo, infection rate was 43.6% (17/39) in gorillas and 31.6% (12/38) in the human community living close to them (Z test, *p*-value = 0.390), respectively.

At least one Nematoda infection was reported in 31.2% and 21.1% of NHPs and humans, respectively. Infection rates were (in NHPs and humans, respectively) 4.7% and 2.6% for *Filarioidea*, 2.9% and 13.2% for *Necator americanus*, 0.6% and 5.3% for *Ascaris lumbricoides*, 2.4% and 2.6% for *Strongyloides stercoralis. Abbreviata caucasica* von Linstow (Physalopteridae: Spirurida) (Syn *Physaloptera caucasica*) was detected only in Senegalese wild chimpanzees (57.1%), as reported in our previous study \[[@B29-pathogens-09-00561]\]. *Enterobius vermicularis* nematode was identified only in one gorilla and one chimpanzee, thus in 1.2% of NHPs.

DNA of *Mansonella* spp. has been detected in four gorilla samples from the Republic of Congo. Among them, two were identified as *M. perstans*. In this study, DNA of uncharacterized nematodes was detected in 12 (7.1%) NHPs, including 10 chimpanzees (20.4%), one gorilla (2.6%), one Guinea baboon (7.7%) and in one human ([Table 1](#pathogens-09-00561-t001){ref-type="table"}). Except for filarioid infections (Z test, *p*-value = 0.028), no significant difference was observed for the presence of Nematoda in gorillas and humans in the Republic of Congo.

Protozoan infections were also present in 5.9% of NHPs, including almost all in gorillas (23%) and in 10.5% of humans (Z test, *p*-value: 0.014). *Giardia lamblia* was detected in 12.5% of gorillas and in 10.5% of humans, while Kinetoplastida were detected in 10.3% of gorillas and in one macaque 1.4% ([Figure 2](#pathogens-09-00561-f002){ref-type="fig"}, [Table 1](#pathogens-09-00561-t001){ref-type="table"}).

Except for *A. caucasica* (Z test, *p*-value \< 0.0001\*), no significant differences in infection rates between humans and NHPs were observed. The other pathogens searched in this study were not detected.

Furthermore, after PCR/sequencing of qPCR positive samples for the partial Nematoda 18S gene ([Figure 3](#pathogens-09-00561-f003){ref-type="fig"}), in addition to confirming the qPCR results, DNA from *Oesophagostomum* sp. was identified in four (4.2%) Barbary macaques. These sequences of \~1100 bps from 18S rRNA, were almost identical to each other and exhibited \> 99.3 identity with *O. muntiacum* NSMT (LC415112) detected in large intestine of Reeves's muntjac (*Muntiacus reevesi*) from Izu-Oshima Island, Tokyo, Japan. Using PCR primers for 28S pan-helminths, *O. muntiacum* was confirmed by amplifying \~500 bps of the 28S gene from all positive samples by pan-Nematoda 18S PCR. These sequences were almost similar and allowed 99.7% similarity with *O. muntiacum* NSMT (LC415112). Almost all of the chimpanzee positive samples by qPCR for *A. caucasica* were amplified and \~1200 bps fragments were obtained. They were almost identical and were identified as *A. caucasica*. Simultaneously, the COI genes were amplified, they were almost identical to each other and were identified as *A. caucasica* as described previously \[[@B29-pathogens-09-00561]\].

The evolutionary history based on 18S rRNA partial gene was inferred using the neighbor-joining method. The optimal tree with the sum of branch length = 0.71539928 is shown. The confidence probability (multiplied by 100) that the inside length of the branches is greater than 0, as estimated by the bootstrap test (1000 replicates), is shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Sequences obtained in this study are highlighted by red points in the beginning, Nematoda species, NHP species sample ID and country. They are compared to the related Nematoda sequences from GenBank database. The evolutionary distances were computed using the Tamura--Nei method and are in the units of the number of base substitutions per site. The analysis involved 38 nucleotide sequences. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7.

Three other sequences of \~400 bps of 18S gene from gorillas were 100% identical to *N. americanus* (AJ920348), all of these samples were also positive by specific qPCR for *N. americanus*; (E) *vermicularis* qPCR-positive samples were confirmed by amplifying a 400-bps sequence showing 99.2% homology with *E. vermicularis* (JF934731). In addition, small good quality sequences of approximately 200 bps were obtained from positive gorilla *M. perstans* qPCR samples. They were similar and exhibited 98.5% similarity with *M. perstans* isolate PlasNew649 (MN821068) found in the blood of a Gabonese man. Finally, a DNA sequence was obtained from one of the two positive human *A. lumbricoides* qPCR samples, it displayed 99.8% similarity to *A. lumbricoides* (LN600406).

We detected a *Rhabditidae* nematode on a chimpanzee. The 320-bps fragment of 28S partial gene amplified was 82% similar to saprophytic nematode *Pelodera cylindrica* (EU195994). A fragment of the 18S gene, approximately 400 bp in length, was obtained from a gorilla that did not show any nematode-like identity. The closest was only 94% of similarity with *Anisakis simplex* (MF072711) and *A. pegreffii* (MF072697). An environmental nematode showing 99.5% identity with Plectidae sp. MK-2017 (LC275886) was detected in a gorilla, we do not exclude environmental contamination since the fecal samples were taken from the soil.

All positive samples in qPCR pan-Kinetoplastida were identified by sequencing of 18S and 28S partial genes as *Bodo* spp., a free living nonpathogenic Kinetoplastida.

3. Discussion {#sec3-pathogens-09-00561}
=============

Overall, when parasites (helminths and protozoa) were searched in the feces of NHPs and a nearby indigenous human population using molecular tools, a wide range of parasites belonging to the Nematoda and Kinetoplastida classes were detected. Parasitism rate was almost similar in both humans and gorillas co-habiting the same ecosystem forest in the Republic of Congo and nematode infections were the most predominant. The prevalence was 8.7-fold higher in great apes than monkeys. In addition, sub-Saharan African primates were 7.3-fold more infected than macaques from North Africa. The raison of this difference is not clear, and since infectious diseases are modulated by ecosystems, we think that primates in sub-Saharan Africa are more exposed to these diseases because this region is characterized by the greatest infectious disease burden as well as by the weakest public health infrastructure in the world \[[@B30-pathogens-09-00561]\]. The method used here (PCR) was more sensitive than microscopy for parasite detection in patients without gastrointestinal symptoms \[[@B31-pathogens-09-00561]\]. By contrast, we are aware of the low sensitivity of specific PCR on feces for the detection of extraintestinal parasites, such *Plasmodium*, Filaria and Kinetoplastida etc., particularly parasites of blood. Consequently, prevalence of extraintestinal parasites is underestimated in this study.

Our results are complementary to a study conducted in Gabon in the Lopé Reserve, which revealed the presence of protozoa, trematodes and nematodes in 84% of gorilla samples and 56% of chimpanzee samples \[[@B32-pathogens-09-00561]\]. Another study, conducted in the Dzanga-Ndoki National Park in the Central African Republic, described both helminths and protozoa in fecal samples from great apes (gorillas, chimpanzees) and human populations (Ba'Aka, indigenous Bantu and western researchers) \[[@B33-pathogens-09-00561]\].

*Giardia lamblia* (syn *G. intestinalis, G. duodenalis*), a parasite of the protozoan group, has been found in feces of great apes (gorillas), as well as in humans living around them in this study, suggesting possible interactions. NHPs can be asymptomatic carriers and hence be a source to human infections, with infection via direct contact \[[@B34-pathogens-09-00561]\]. Evidence of possible fecal--oral transmission of *Giardia* between apes and their attendants was reported from the Kansas City Zoo. Clinical signs in Kansas City outbreak consisted of diarrhea and vomiting in both non-human and human patients \[[@B4-pathogens-09-00561]\]. Although work continues on speciation and host-specificity in *Giardia*, studies have shown that at least some species of *Giardia* are transmissible from animals to humans and vice versa, thus making it potentially both a zoonotic and an anthropozoonotic infection \[[@B35-pathogens-09-00561],[@B36-pathogens-09-00561]\]. In the studies conducted by Nolan et al. in Uganda and Drakulovski et al. in Cameroon, *G. lamblia* was absent in mountain gorilla and chimpanzee samples, while 9.1% of humans were infected with this protozoan \[[@B37-pathogens-09-00561],[@B38-pathogens-09-00561]\]. *Giardia*, once considered a harmless parasite for humans and animals, is now recognized as a pathogenic agent \[[@B4-pathogens-09-00561]\]. *G. lamblia* occurs worldwide and is a common inhabitant of the small intestine of humans, rhesus monkeys, cynomolgus monkeys, chimpanzees, gorillas and other NHPs \[[@B39-pathogens-09-00561],[@B40-pathogens-09-00561],[@B41-pathogens-09-00561]\]. We also detected in feces of NHPs *Bodo* spp., a free-living nonpathogenic flagellate. Other pathogenic protozoa reported in feces of non-human and human primates, such as *Plasmodium*, *Leishmania, Trypanosoma, Cryptosporidium, Toxoplasma* and *Babesia* \[[@B4-pathogens-09-00561],[@B22-pathogens-09-00561]\] have not been detected in the present study. Except for *Cryptosporidium*, the other parasites have an extraintestinal localization, so do not found them in stools is not surprising and samples as blood will be more suitable for their surveillance.

As for helminths, at least ten *Nematoda* species were detected in NHPs versus four species in humans in this study. In gorillas, filariid infections (including *Mansonella* spp.) were the most prevalent, followed by *N. americanus* and *S. stercoralis* which were detected in human co-habited gorillas.

A wide range of filariid nematodes has been reported in great apes and monkeys \[[@B4-pathogens-09-00561]\]. Interestingly, we detected DNA of *M. perstans* in two gorilla stools and *Mansonella* spp. in two others. Several non-perstans *Mansonella* were reported in apes from Congo and neighboring countries. This includes: *Mansonella* (*Esslingeria*) (Chabaud & Bain, 1976), *M. (E.) leopoldi* from *Gorilla gorilla* in the Republic of the Congo \[[@B42-pathogens-09-00561]\] and Gabon \[[@B43-pathogens-09-00561]\], *M. (E.) lopeensis* from *Gorilla gorilla* in Gabon \[[@B43-pathogens-09-00561]\], *M. (E.) vanhoofi* from *Pan paniscus* in DR Congo \[[@B44-pathogens-09-00561],[@B45-pathogens-09-00561]\] and from *Gorilla gorilla* in the Republic of Congo \[[@B42-pathogens-09-00561]\]; (M) *(E.) streptocerca* and *M. (E.) rodhaini* are two filariid parasites reported from chimpanzees and gorillas \[[@B46-pathogens-09-00561],[@B47-pathogens-09-00561],[@B48-pathogens-09-00561]\]. Chimpanzees in Central Africa are the reservoir of *M. rodhaini*, which was identified in skin biopsy samples from several villagers in Gabon \[[@B49-pathogens-09-00561]\]. *M. (E.) vanhoofi*, a filariid parasite of the chimpanzee, inhabits the mesenteries and the connective tissue adjacent to the gallbladder, bile duct, liver, pancreas and kidney and the loose connective tissues and lymphatics surrounding the hepatic blood vessels \[[@B4-pathogens-09-00561],[@B46-pathogens-09-00561]\]. Three *Mansonella* species often infect humans: *M. perstans, M. ozzardi* and *M. streptocerca*. Whereas *M. perstans* has never been reported to infect NHPs, except a report in *Gorilla gorilla* and *Pan troglodytes* in Cameroon (Reichenow 1917) \[[@B50-pathogens-09-00561]\]. *M. streptocerca* has been found in primates \[[@B48-pathogens-09-00561]\]. Based on our findings, it will be very important to study *Mansonella* infections in great apes to achieve a better understanding of this genus.

Several other filariids have been reported from the great apes, including *Dirofilaria immitis* from the heart of an orangutan \[[@B51-pathogens-09-00561]\] and in the abdominal cavity of another orangutan \[[@B52-pathogens-09-00561]\] and *Loa loa* and *Onchocerca volvulus* from chimpanzees and gorillas \[[@B4-pathogens-09-00561],[@B42-pathogens-09-00561],[@B53-pathogens-09-00561]\], but none of them were detected in this study.

In our study, the identified infection rate for *S. stercoralis* was lower compared with that reported by Lilly et al. (2002) (82--94% in NHPs and 30--93% in humans) \[[@B33-pathogens-09-00561]\]. It was also lower than the prevalence 74.3% and 100% observed in two chimpanzee communities in Gombe National Park, Tanzania \[[@B53-pathogens-09-00561]\] and one in Kibale National Park, Uganda \[[@B54-pathogens-09-00561]\], respectively. In contrast, the prevalence of *Strongyloides* in gorillas in our study was higher than the prevalence (1.4%) in gorilla populations from Rwanda \[[@B22-pathogens-09-00561]\] and almost similar to the prevalence (10.9%) in chimpanzees from Rubondo National Park, Tanzania \[[@B55-pathogens-09-00561]\]. These results contrast with those of Hasegawa et al. who reported the presence of *S. stercoralis* in fecal samples from local human populations and the absence of this parasite in wild western lowland gorillas (*Gorilla gorilla*) and a central chimpanzee (*Pan troglodytes troglodytes*) living in the Dzanga-Sangha Protected Areas (DSPA), Central African Republic and in eastern chimpanzees (*Pan troglodytes schweinfurthii*) living in degraded forest fragments on agricultural land in Bulindi, Uganda \[[@B37-pathogens-09-00561],[@B56-pathogens-09-00561]\]. Conversely, a study carried out in 2017 in Thailand revealed the presence of *S. stercoralis* in human communities in contact with long-tailed macaques with a prevalence of 8.92% \[[@B57-pathogens-09-00561]\].

In the case of *N. americanus*, the prevalence observed in this study in great apes and humans is lower than the rates of 86% in wild lowland gorillas in Cameroon \[[@B58-pathogens-09-00561]\] and 44% in chimpanzees from Uganda \[[@B37-pathogens-09-00561]\]. Our study concords with the study of Hasegawa et al. conducted in Central African Republic. It has been shown that *Necator* hookworms are shared by humans and great apes co-habiting the same tropical forest ecosystems \[[@B59-pathogens-09-00561]\]. Another nematode detected in both apes (Chimpanzee from Rep. of Congo) and humans in our study was *A. lumbricoides* with low infection rates. These rates are lower than the rates of *Ascaroides* observed by Lilly et al. (2002) in apes (14--88%) and humans (0--15%). *E. vermicularis* was detected with a low prevalence only in apes (2.3%). *E. vermicularis* and other *Enterobius* species found in Old World monkeys and great apes as well as humans, *E. anthropopitheci* in the chimpanzees and in several species of prosimian primates. These parasites are considered cosmopolitan in their geographical distribution \[[@B4-pathogens-09-00561]\]. Naturally infected NHPs could be sources of infection for humans. In addition, captive primates can acquire *E. vermicularis* infection from humans and then can act as reservoirs to reinfect humans \[[@B39-pathogens-09-00561],[@B60-pathogens-09-00561]\].

*A. caucasica* has been detected with high prevalence (57%) only in wild Senegalese wild chimpanzees as reported in Laidoudi et al. (submitted). Physalopteriasis, is a disease caused by members of the genus *Physaloptera*. Nine species of physalopterids have been reported to occur in the upper gastrointestinal tract of NHPs \[[@B51-pathogens-09-00561]\]. *A. caucasica* has been found in the esophagus, stomach and small intestine of the rhesus macaques, baboons and orangutans \[[@B39-pathogens-09-00561],[@B42-pathogens-09-00561],[@B61-pathogens-09-00561],[@B62-pathogens-09-00561],[@B63-pathogens-09-00561]\]. This parasite can be transmitted to humans, but complete life-cycle is not identified until now. It has been reported from humans in Brazil, Colombia, Congo Republic (Zaire), India, Indonesia, Israel, Namibia, Panama, Zambia and Zimbabwe \[[@B4-pathogens-09-00561]\]. In one case, in an Indonesian woman, adult worms were recovered from the bile duct, where they had caused biliary pain, jaundice and fever \[[@B4-pathogens-09-00561]\].

In addition, *O. muntiacum* was detected in 4.3% of North African macaques in the present study. Oesophagostomiasis is caused by infection of nematodes from the genus *Oesophagostomum*, the nodular worm. Eggs are shed in the feces of the definitive host and may be indistinguishable from the eggs of *Necator* and *Ancylostoma*. Eggs hatch into rhabditiform (L1) larvae in the environment, given appropriate temperature and level of humidity. In the environment, the larvae will undergo two molts and become infective filariform (L3) larvae. Worms can go from eggs to L3 larvae in a matter of a few days, given appropriate environmental conditions. Definitive hosts become infected after ingesting infective L3 larvae. After ingestion, L3 larvae burrow into the submucosa of the large or small intestine and induce cysts. Within these cysts, the larvae molt and become L4 larvae. These L4 larvae migrate back to the lumen of the large intestine, where they molt into adults. Eggs appear in the feces of the final host approximately one month after ingestion of infectious L3 larvae (<https://www.cdc.gov/dpdx/oesophagostomiasis/index.html>). These parasites are considered the most common nematodes found in Old World monkeys and great apes, which constitute the definitive hosts. They have been described in baboons, mangabeys, guenons, macaques, chimpanzees and gorillas \[[@B4-pathogens-09-00561],[@B64-pathogens-09-00561],[@B65-pathogens-09-00561]\]. They are rare in New World monkeys \[[@B4-pathogens-09-00561],[@B66-pathogens-09-00561],[@B67-pathogens-09-00561]\]. *Oesophagostomum* spp. parasite normally ruminants, pigs and monkeys and occasionally humans \[[@B68-pathogens-09-00561]\]. It has been shown that multiple cryptic forms of *Oesophagostomum* circulate in populations of primates in western Uganda, and that parasitic clades differ in terms of host range and potential transmission between species \[[@B69-pathogens-09-00561]\].

Finally, using the high-sensitive PCR systems, we detected---among other things---three unidentifiable genotypes. Of them, two may belong to the environmental nematodes such *Pelodera* sp. and an environmental *Nematoda* sp. in chimpanzee feces. This may be an environmental contamination since samples were collected on the ground. One *Nematoda* sp. we detected in gorillas remains difficult to interpret. On one hand, the gene does not correspond to any known species deposited in the GenBank, on the other hand, it is grouped among the other pathogens of the phylogenetic tree ([Figure 2](#pathogens-09-00561-f002){ref-type="fig"}), it can thus belong to a pathogenic species but not described or not characterized. Further, we detected DNA of uncharacterized Nematoda in apes and humans, but with a relatively lower prevalence in humans. Characterization of these parasites by standard PCR-sequencing was not possible due to co-infections with more nematodes in the same sample and/or small amounts of DNA since most of the collected NHPs samples are degraded. In addition, DNA sequences of wild parasite range are not available, which makes the molecular characterization difficult. This requires further molecular studies, parasite characterization and database enrichments.

The present study remains interesting on the knowledge of parasites of NHPs and humans in Africa. One of its strengths that we performed a large PCR screening on samples from different countries using a non-invasive sampling method. In addition, different great ape and monkey species were involved, as well as humans in contact with great apes to look at the zoonotic risk. Nevertheless, it has some limitations such as: the low number of samples for some species (baboons and green monkeys), underestimated prevalence of extraintestinal parasites (*Plasmodium*, Filaria, Kinetoplastida etc.), since feces are not the preferred sampling method. These limits require further investigation in future studies using other samples such blood.

4. Material and Methods {#sec4-pathogens-09-00561}
=======================

4.1. Animals and Study Area {#sec4dot1-pathogens-09-00561}
---------------------------

Feces from humans and NHPs were collected ([Table 2](#pathogens-09-00561-t002){ref-type="table"}). The sampling was non-invasive and did not harm the wild fauna. For NHPs, fecal samples were collected at sleeping sites, feeding sites and places where the primates had been observed. Gorilla and macaque samples, ten from chimpanzees and samples from hamadryas baboons were degraded stored in absolute alcohol. Thirty-eight chimpanzee and all human stool samples were collected in the fresh state. All degraded samples were stored in absolute alcohol, and fresh samples and human samples were first stored at −20 °C before being sent from the Republic of Congo to France for analysis.

All humans that participated in the study were apparently healthy, the health status of animals is unknown. All samples collected were brought to the IHU Méditerranée Infection laboratory, Marseille, France, where they were stored at −20 °C or −80 °C until further analysis.

4.2. Ethic Statement {#sec4dot2-pathogens-09-00561}
--------------------

Study authorizations were obtained from the Direction National of Parks (DNP) in the Senegalese Ministry of the Environment (DNP, No. 1302, Oct 16, 2015) for Senegalese primates, the Ministry of Health (No 208/MSP/CAB.15 of 20 August 2015) and the Forest Economy and Sustainable Development (No 94/MEFDD/CAB/DGACFAP-DTS of 24 August 2015) of the Rep. of Congo for humans and gorillas respectively, the Center for Studies and Research of Djibouti for baboons (*Papio hamadryas*) and the management of the Chréa National Park (CNP) in Blida Province, Algeria, for Barbary macaques. No experimentation was conducted on NHPs, as fecal samples were collected from the soil. Human samples were taken after obtaining verbal consents of participants due to their low literacy.

4.3. DNA Extraction {#sec4dot3-pathogens-09-00561}
-------------------

DNA extraction was performed using the EZ1^®^DNA tissue kit (Qiagen, Hiden, Germany) on BIOROBOT EZ1 (Qiagen, Hiden, Germany), according to the manufacturer's instructions. Initially, we mixed in tubes about 200 mg of stool with 360 µL of G2 lysis buffer (Qiagen, Hiden, Germany). This was mechanically lysed with tungsten beads (Qiagen, Hiden, Germany) using FastPrep-24TM 5G Grinder for 40 s. After 10 min of incubation at 100 °C to allow for complete lysis, tubes were centrifuged at 10,000× *g* for 1 min. Subsequently, 200 μL of supernatant was enzymatically digested using 20 μL of proteinase K (20 mg/mL, Qiagen) and incubated overnight at 56 °C. DNA was extracted from 200 µL of sample, eluted in 200 µL volume, then aliquoted in individual tubes of: pure extracted DNA, diluted to 1:10 and finally DNA diluted to 1:100.

To control the extraction quality and the absence of PCR inhibitors, universal eubacterial qPCR targeting the 16S rRNA bacterial genes, named "qPCR all bacteria" \[[@B70-pathogens-09-00561]\], was performed on pure DNA, dilutions to1:10 and to 1:100. By comparison of Ct values obtained for pure and diluted DNAs, the dilution to1:10 were chosen for parasite screening. DNA tubes were stored at −20 °C until use.

4.4. Molecular Screening for Parasites by Real-Time PCR Assays (qPCR) {#sec4dot4-pathogens-09-00561}
---------------------------------------------------------------------

DNA dilutions to 1:10 were screened for parasites in order to evade the nonspecific PCR inhibition. We have used single target real-time PCR assays specific for each pathogen. Eight qPCR assays targeting a large number of parasite members (class, order or genus) and seventeen different species---specific primers and Taqman probes (hydrolysis probes), all known for their specificity and sensitivity, were used in multiparallel assays, as shown in [Table 3](#pathogens-09-00561-t003){ref-type="table"}.

The qPCR amplifications were performed in a CFX96 Real-time system (BioRad Laboratories, Foster City, CA, USA). Reactions were performed in a volume of 20 µL, containing 5 µL of DNA template, 10 µL of Master Mix Roche (Eurogentec, Seraing, Belgium), 0.5 µL each primer per reaction at the concentration of 20 µM, 0.5 µL UDG and 0.5 µL of each probe at the concentration of 5 µM. The TaqMan cycling conditions included two hold steps at 50 °C for 2 min, followed by 95 °C for 15 min, and 40 cycles of two steps each (95 °C for 30 s and 60 °C for 30 s). Each PCR plate contains 96-wells. Known DNAs or plasmids were used as positive controls and master mixtures as a negative control in each reaction.

4.5. Genetic Amplification by Standard PCR, Sequencing and Phylogeny {#sec4dot5-pathogens-09-00561}
--------------------------------------------------------------------

In addition to species-specific qPCR screening, we performed screening by broad-range qPCRs for pan-Nematoda and for pan-Kinetoplastida parasites, followed by PCR/ sequencing. Positive samples in pan-Nematoda qPCR were subjected to standard PCRs targeting 18S rRNA gene of Nematoda and the 28S rRNA gene of helminths. Positive ones for Kinetoplastida qPCR were amplified using primer pairs for 18S and 28S genes of Kinetoplastida ([Table 3](#pathogens-09-00561-t003){ref-type="table"}). Amplifications were carried out in a total volume of 50 µL, consisting of 25 µL of AmpliTaq Gold master mix, 18 µL of ultra-purified water DNAse-RNAse free, 1 µL of primers (20 µM of concentration) and 5 µL of DNA template. The thermal cycling conditions amplifications were as follows: incubation step for 15 min at 95 °C, 40 cycles of: one minute at 95 °C, 30 s for at the annealing temperature ([Table 3](#pathogens-09-00561-t003){ref-type="table"}), an elongation step at 72 °C. Finally, an extension step for five minutes at 72 °C. This was performed in a Peltier PTC-200 model thermal cycler (MJ Research, Inc., Watertown, MA, USA) and visualized on 2% agarose gel. In a second time, amplicons were purified using NucleoFast 96 PCR plates (Macherey--Nagel EURL, Hoerdt, France) as per the manufacturer's instructions and sequenced using the Big Dye Terminator Cycle Sequencing Kit (PerkinElmer Applied Biosystems, Foster City, CA, USA) with an ABI automated sequencer (Applied Biosystems). Generated electropherograms were assembled and edited using ChromasPro software (ChromasPro 1.7, Technelysium Pty Ltd., Tewantin, Australia) and compared with those available in the GenBank database by NCBI BLAST (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>). The fragments obtained were compared with each other and with related fragments available in the GenBank database. The phylogenetic analyses were inferred using neighbor joining methods and tree reconstructions were performed using MEGA software version 7 (<https://www.megasoftware.net/>). Bootstrap analyses were conducted using 1000 replicates.

5. Conclusions {#sec5-pathogens-09-00561}
==============

This study provides data on different helminths and protozoa that infect NHPs in Africa and human communities living around them. Parasites known to infect both humans and NHPs have been detected in humans and gorillas living in the same tropical forest ecosystem, suggesting possible interactions. In addition, human specific parasites, such as *Mansonella perstans*, causative agent of one of the major human neglected tropical diseases, was detected in gorillas, suggesting an exchange between humans and NHPs and other investigations are required at this stage for better understanding these findings. However, prevalence of extraintestinal parasites remain underestimated since feces are not the preferable sampling method and samples such as blood can give more information. In addition, public health and animal conservation authorities need to be aware of these infections, as the parasites observed in African NHPs could affect both human and animal health.
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pathogens-09-00561-t001_Table 1

###### 

Parasites detected in the present study and their prevalence, *n* (%).

  ----------------------------------------------------------------------------------------------------------------------------------
  *Species*\                    Gorilla\     Chimpanzee\   Baboon (*n* = 13)   Macaque\     NHPs\       Human\      *Difference:*\
  *(n)*                         (*n* = 39)   (*n* = 49)                        (*n* = 69)   (N = 170)   (N = 38)    *p*-Value
  ----------------------------- ------------ ------------- ------------------- ------------ ----------- ----------- ----------------
  Parasitic infections          17(43.6)     39 (79.6)     1 (7.7)             5 (7.2)      62 (36.5)   12 (31.6)   *0.390*

  Nematoda                      10 (25.6)    38 (77.6)     1 (7.7)             4 (5.8)      53 (31.2)   8 (21.1)    *0.836*

  *Filarioidea*                 8 (20.5)     0             0                   0            8 (4.7)     1 (2.6)     *0.028*

  *Mansonella* spp.             4 (10.3)     0             0                   0            4 (2.4)     0           *0.115*

  *M. perstans*                 2 (5.1)      0             0                   0            2 (1.2)     0           *0.474*

  *Abbreviata caucasica*        0            28 (57.1)     0                   0            28 (16.5)   0           *\<0.0001*

  *Necator americanus*          5 (12,8)     0             0                   0            5 (2.9)     5 (13.2)    *1.000*

  *Ascaris lumbricoides*        0            1 (2)         0                   0            1 (0.6)     2 (5.3)     *0.462*

  *Enterobius vermicularis*     1 (2.6)      1 (2)         0                   0            2 (1.2)     0           *1.000*

  *Strongyloides stercoralis*   3 (7.7)      1 (2)         0                   0            4 (2.4)     1 (2.6)     *0.622*

  *Oesophagostomum muntiacum*   0            0             0                   4 (5.8)      4 (2.4)     0           *1.000*

  *Unknown* Nematoda            1 (2.6)      10 (20.4)     1 (7.7)             0            12 (7.1)    1 (2.6)     *1.000*

  ***Protozoa***                9 (23.1)     0             0                   1 (1.4)      10 (5.9)    4 (10.5)    *0.014*

  *Giardia lamblia*             5 (12.8)     0             0                   0            5 (2.9)     4 (10.5)    *1000*

  Kinetoplastida *(Bodo sp.)*   4 (10.3)     0             0                   1 (1.4)      5 (2.9)     0           *0.115*
  ----------------------------------------------------------------------------------------------------------------------------------

*p*-value: between humans and NHPs from the Republic of Congo living in the same area.

pathogens-09-00561-t002_Table 2

###### 

Study subjects and study sites.

  -----------------------------------------------------------------------------------------------------------------------------------------------------
  Species                                    Country                    Region                 Coordinates                       Number (date)
  ------------------------------------------ -------------------------- ---------------------- --------------------------------- ----------------------
  **Non-human primates**                                                                                                         160 (2015--2018)

  **Chimpanzee**\                            Senegal                    Kédougou               12°22′57.1404″N 12°17′16.7172″W   3 (2016)
  **(*Pan troglodytes*)**                                                                                                        

  12°22′53.1732″N 12°17′26.7936″W            7 (2016)                                                                            

  12°22′47.7084″N 12°17′48.588″W             38 (2016)                                                                           

  Rep.\                                      Odzala-Kokoua NP           1.3206°"N 14.8455°"E   1 (2017)                          
  Congo                                                                                                                          

  **Gorillas**\                              Rep.\                      Lésio-Louna NP         2°58′33.1"S 15°28′33.4"E          16 (2015), 12 (2017)
  **(*Gorilla gorilla*)**                    Congo                                                                               

  Odzala-Kokoua NP                           1.3206°"N, 14.8455°"E      10 (2017)                                                

  Nouabale-Ndoki NP                          2.5857°"N, 16.6291°"E      1 (2017)                                                 

  **Baboons**\                               Senegal                    Niokolo-Koba NP        13°04′28.6"N 12°43′18.2"W         7 (2015)
  **(*Papio papio*)**                                                                                                            

  **Baboons**\                               Djibouti                   Oueah                  11°29′56.1"N 42°51′14.8"E         6 (2017)
  **(*Papio hamadryas*)**                                                                                                        

  **Barbary macaques (*Macaca sylvanus)***   Algeria                    Chréa NP               36°23′42.9"N 2°45′53.6"E          30 (2018)

  Cap Carbon                                 36°46′31.6"N 5°06′11.2"E   39 (2018)                                                

  Humans                                     Rep. Congo                 Mbomo village          1.3206°"N, 14.8455°"E             35 (2017)

  Lésio-Louna (Eco-guards)                   2°58′33.1"S 15°28′33.4"E   3 (2017)                                                 
  -----------------------------------------------------------------------------------------------------------------------------------------------------

NP: national park

pathogens-09-00561-t003_Table 3

###### 

Primer and probe sequences used in this study.

  Parasite                                         Target Gene                                   Primer Name                     Sequence (5′-3′)                Source
  ------------------------------------------------ --------------------------------------------- ------------------------------- ------------------------------- -------------------------------
  Kinetoplastida                                   28s                                           F. 24a.5198                     AGTATTGAGCCAAAGAAGG             \[[@B71-pathogens-09-00561]\]
  R. 24a.5412                                      TTGTCACGACTTCAGGTTCTAT                                                                                        
  P. 24a.5345                                      FAM-TAGGAAGACCGATAGCGAACAAGTAG-TAMRA                                                                          
  *Leishmania* spp.                                18s                                           F                               GGTTTAGTGCGTCCGGTG              \[[@B72-pathogens-09-00561]\]
  R                                                ACGCCCCAGTACGTTCTCC                                                                                           
  P                                                FAM-CGGCCGTAACGCCTTTTCAACTCA-TAMRA                                                                            
  *Trypanosoma* spp.                               5.8s                                          F. 5.8 S Tryp 3874              CAACGTGTCGCGATGGATGA            
  R. 5.8 S Tryp 3935                               ATTCTGCAATTGATACCACTTATC                                                                                      
  S. 5.8 S Tryp 3911                               FAM-GTTGAAGAACGCAGCAAAGGCGAT-TAMRA                                                                            
  Piroplasmida                                     5.8s                                          5.8S-F5                         TCGCAGRAGTCTKCAAGTC             \[[@B73-pathogens-09-00561]\]
  5.8S-R                                           AYYKTYAGCGRTGGATGTC                                                                                           
  5.8S-S                                           FAM-TTYGCTGCGTCCTTCATCGTTGT-MGB                                                                               
  *Cyclospora cayetanensis*                        18s                                           Cyclo250F                       TAGTAACCGAACGGATCGCATT          \[[@B74-pathogens-09-00561]\]
  Cyclo350R                                        AATGCCACGTAGGCCAATA                                                                                           
  Cyclo281T                                        FAM-CCGGCGATAGATCATTCAAGTTTCTGACC-TAMRA                                                                       
  *Plasmodium* spp.                                Cox                                           Plasmo_cox_15_F                 AGGAACTCGACTGGCCTACA            \[[@B75-pathogens-09-00561]\]
  Plasmo_cox_16_R                                  CCAGCGACAGCGGTTATACT                                                                                          
  Plasmo-cox_P                                     FAM-CGAACGCTTTTAACGCCTGACATGG-TAMRA                                                                           
  *Toxoplasma gondii*                              ITS1                                          Tgon_ITS1_F                     GATTTGCATTCAAGAAGCGTGATAGTA     \[[@B76-pathogens-09-00561]\]
  Tgon_ITS1_R                                      AGTTTAGGAAGCAATCTGAAAGCACATC                                                                                  
  Tgon_ITS1_P                                      FAM-CTGCGCTGCTTCCAATATTGG-TAMRA                                                                               
  *Cryptosporidium parvum; C. hominis*             hsp70 gene                                    1PSF                            AACTTTAGCTCCAGTTGAGAAAGTACTC    \[[@B77-pathogens-09-00561]\]
  1PSR                                             AACTTTAGCTCCAGTTGAGAAAGTACTC                                                                                  
  Crypt P                                          FAM-AATACGTGTAGAACCACCAACCAATACAACATC-TAMRA                                                                   
  *Giardia lamblia (intestinalis or duodenalis)*   18s                                           Giardia-80F                     GACGGCTCAGGACAACGGTT            \[[@B78-pathogens-09-00561]\]
  Giardia-127R                                     TTGCCAGCGGTGTCCG                                                                                              
  Giardia-105T                                     FAM-CCCGCGGCGGTCCCTGCTAG-TAMRA                                                                                
  *Entamoeba histolytica*                          18s                                           Ehf                             AACAGTAATAGTTTCTTTGGTTAGTAAAA   \[[@B79-pathogens-09-00561]\]
  Ehr                                              CTTAGAATGTCATTTCTCAATTCAT                                                                                     
  Ehp                                              FAM-ATTAGTACAAAATGGCCAATTCATTCA-TAMRA                                                                         
  Nematoda                                         5s                                            qNem.5S.1f                      ACCACGTTGAAAGCACGMC             \[[@B29-pathogens-09-00561]\]
  qNem.5S.110r                                     TGTCTACAACACCTSGRATTCC                                                                                        
  qNem.5S.38p                                      FAM-AGTTAAGCAACGTTGGGCC-TAMRA                                                                                 
  *Filariae*                                       28S                                           qFil-28S-F                      TTGTTTGAGATTGCAGCCCA            \[[@B80-pathogens-09-00561]\]
  qFil-28S-R                                       GTTTCCATCTCAGCGGTTTC                                                                                          
  qFil-28S-S                                       FAM-CAAGTACCGTGAGGGAAAGT-TAMRA                                                                                
  *Mansonella* spp.                                ITS1                                          Forward                         CCTGCGGAAGGATCATTAAC            \[[@B81-pathogens-09-00561]\]
  Reverse                                          ATCGACGGTTTAGGCGATAA                                                                                          
  Probe                                            FAM-CGGTGATATTCGTTGGTGTCT-TAMRA                                                                               
  *Mansonella perstans*                            ITS1                                          Forward                         AGGATCATTAACGAGCTTCC            
  Reverse                                          CGAATATCACCGTTAATTCAGT                                                                                        
  Probe                                            FAM-TTCACTTTTATTTAGCAACATGCA-TAMRA                                                                            
  *Loa loa*                                        LL20 15-kDa ladder antigen                    15r3-5                          CGAAAAATTATAGGGGGAAAC           \[[@B82-pathogens-09-00561]\]
  15r3-6                                           TCGTAGACCAAACTGCGAAC                                                                                          
  15r3-P                                           FAM-TCAAGAGCCGATATACTGAAAGCTATC-TAMRA                                                                         
  *Abbreviata caucasica*                           12s                                           Phy.12S.f.204                   GAATTGGATTAGTACCCAAGTAAGTG      \[[@B29-pathogens-09-00561]\]
  Phy.12S.r.305                                    TGTTCCAAAAATCTTTCTAAGATCAG                                                                                    
  Phy.12S.242p                                     VIC-GCGGGAGTAAAGTTAAGTTTAAACC-TAMRA                                                                           
  Cyclo350R                                        AATGCCACGTAGGCCAATA                                                                                           
  Cyclo281T                                        FAM-CCGGCGATAGATCATTCAAGTTTCTGACC-TAMRA                                                                       
  *Necator americanus*                             ITS2                                          Na58F                           CTGTTTGTCGAACGGTACTTGC          \[[@B83-pathogens-09-00561]\]
  Na158R                                           ATAACAGCGTGCACATGTTGC                                                                                         
  Na81T                                            FAM-CTGTACTACGCATTGTATAC-MGB                                                                                  
  *Ancylostoma duodenale*                          ITS2                                          Ad125F                          GAATGACAGCAAACTCGTTGTTG         
  Ad195R                                           ATACTAGCCACTGCCGAAACGT                                                                                        
  Ad155-XS                                         FAM-ATCGTTTACCGACTTTAG-MGB                                                                                    
  *Schistosoma mansoni*                            Tandem repeat units M61098                    SRA1                            CCACGCTCTCGCAAATAATCT           \[[@B84-pathogens-09-00561]\]
  SRS2                                             CAACCGTTCTATGAAAATCGTTGT                                                                                      
  SRP                                              FAM-TCCGAAACCACTGGACGGATTTTTATGAT-TAMRA                                                                       
  *Taenia solium*                                  ITS                                           Tsol_145F                       ATGGATCAATCTGGGTGGAGTT          \[[@B85-pathogens-09-00561]\]
  Tsol_230R                                        ATCGCAGGGTAAGAAAAGAAGGT                                                                                       
  Tsol_169Tq                                       FAM-TGGTACTGCTGTGGCGGCGG-TAMRA                                                                                
  *Taenia saginata*                                ITS                                           Tsag_F529                       GCGTCGTCTTTGCGTTACAC            
  Tsag_R607                                        TGACACAACCGCGCTCTG                                                                                            
  Tsag_581Tq                                       FAM-CCACAGCACCAGCGACAGCAGCAA-TAMRA                                                                            
  *Ascaris lumbricoides*                           ITS1                                          Alum96F                         GTAATAGCAGTCGGCGGTTTCTT         
  Alum183R                                         GCCCAACATGCCACCTATTC                          \[[@B86-pathogens-09-00561]\]                                   
  Alum124T                                         FAM-TTGGCGGACAATTGCATGCGAT-TAMRA                                                                              
  *Trichuris trichiura*                            18s                                           TrichF                          TTGAAACGACTTGCTCATCAACTT        \[[@B87-pathogens-09-00561]\]
  TrichR                                           CTGATTCTCCGTTAACCGTTGTC                                                                                       
  TrichP                                           FAM-CGATGGTACGCTACGTGCTTACCATGG-TAMRA                                                                         
  *Strongyloides stercoralis*                      18s                                           Stro-1530F                      GAATTCCAAGTAAACGTAAGTCATTAGC    \[[@B88-pathogens-09-00561]\]
  Stro-1630R                                       TGCCTCTGGATATTGCTCAGTTC                                                                                       
  Stro-1586T                                       FAM-ACACACCGGCCGTCGCTGC-TAMRA                                                                                 
  *Enterobius vermicularis*                        5s                                            EnterF                          TTTCCAAGCCACAGACTCAC            
  EnterR                                           ATTGCTCGTTTGCCGATTAT                          \[[@B31-pathogens-09-00561]\]                                   
  EnterP                                           TCATGTCTGAGCCGGAACGAGA                                                                                        
  Nematoda                                         18s                                           Fwd.18S.631                     TCGTCATTGCTGCGGTTAAA            \[[@B89-pathogens-09-00561]\]
  Rwd.18S.1825r                                    GGTTCAAGCCACTGCGATTAA                                                                                         
  Helminths                                        28s                                           Hspec.28S. 5748f                GGTAAGGGAAGTCGGCAAAT            This study
  Hspec.28S.6394r                                  TAGGGACAGTGGGAATCTCG                                                                                          
  *Abbreviata caucasica*                           COI                                           F.Abbrev.COI.51f                TGATCAGGGTTGGGAGCTT             \[[@B29-pathogens-09-00561]\]
  R.Abbrev.COI.601r                                AAAAAGAACAATTAAAATTACGATCC                                                                                    

[^1]: These authors equally contributed to this work.
